Cognitive deficits, including impairments in working memory that have been linked to the prefrontal cortex, are among the most debilitating and difficult to treat features of schizophrenia. Consequently, the identification of potential targets informed by the pathophysiology of the illness is needed to develop novel pharmacological approaches for ameliorating these deficits. Postmortem studies of the prefrontal cortex in schizophrenia subjects have revealed disturbances restricted to a subpopulation of inhibitory neurons that includes chandelier neurons, whose axon terminals synapse on the axon initial segment of pyramidal neurons. Chandelier neurons play an important role in synchronizing pyramidal neuron activity and appear to be a critical component of the prefrontal cortical circuitry that subserves working memory function. Therefore, in this paper we review evidence suggesting that drugs which selectively enhance chandelier neuron-mediated inhibition of prefrontal pyramidal neurons may improve working memory dysfunction in schizophrenia. Potential novel targets for such agents include GABA A receptors that contain the α 2 subunit. In addition, we discuss potential complementary mechanisms for enhancing inhibitory input to pyramidal cell bodies, including drugs with activity at the CB1 receptor of the endocannabinoid system. The development of pathophysiologically-based treatments that selectively remediate disturbances in specific neural circuits underlying working memory may provide an effective approach to improving cognitive deficits in schizophrenia.
on working memory tasks, activity in the PFC may actually be increased, suggesting a reduced efficiency in PFC function [18, 19] .
A cellular mechanism that may subserve working memory function in the PFC involves the spatially and temporally synchronized firing of pyramidal neurons during the delay period of working memory tasks. For example, during working memory tasks, some PFC neurons selectively fire during the delay period between the temporary presentation of a stimulus and the later initiation of a response [42, 45] . In addition, anatomical studies have demonstrated reciprocal interconnections between groups of layer 3 pyramidal neurons in monkey PFC, suggesting that neuronal activity during the delay period may be maintained, at least partially, through an excitatory feedback loop [88, 107] . Furthermore, gamma band oscillations, which reflect the synchronized firing of neuronal networks at the 30-80 Hz frequency range, have also been associated with working memory tasks. For example, in working memory tasks, gamma oscillations are induced and sustained during the delay period [123, 124] , and the magnitude, or power, of gamma oscillations in the PFC appears to increase in proportion to memory load [62] . Thus, these data suggest that working memory is an emergent property of the gamma band activity of a distributed network of neurons, one node of which is localized to the PFC.
In addition, abnormalities in gamma band oscillations have been reported in schizophrenia (for review, see [74] ). For example, in the frontal cortex of subjects with schizophrenia, impairments in phase-locking of gamma activity to the stimulus onset, including increased latency and reduced frequency, have been found [121] . In addition, abnormalities in the phase coherence of gamma oscillations between electrode sites, a measure of temporal synchronization in spatiallyseparated cortical areas, were also found, suggesting abnormalities in long-distance synchronization as well [121] . Furthermore, within the PFC in schizophrenia, reduced gamma band power has also been observed during the delay period of a working memory task 1 .
Inhibitory (GABA) neurons in the PFC appear to be a critical component of the neural circuitry that enables synchronized pyramidal neuron activity and working memory processes. For example, distinct subsets of inhibitory neurons are involved in the induction and maintenance of gamma oscillations in pyramidal neurons (for review, see [38, 84] ). In addition, during working memory tasks, fast-spiking GABA neurons in monkey PFC are active during the delay period [108, 109, 137] and can influence the time course of activation of pyramidal neurons at different stages of the task [24] . Finally, injection of GABA receptor antagonists into monkey PFC impairs performance on working memory tasks [112] . Interestingly, alterations in markers of GABA neurotransmission in the PFC of subjects with schizophrenia have been consistently reported in postmortem studies [3, 11, 12, 48, 90, 128, 129] . Therefore, the development of new treatments for working memory disturbances in schizophrenia first requires an understanding of the nature of PFC GABA neuron disturbances in the illness.
ALTERATIONS IN A SUBSET OF PREFRONTAL CORTICAL GABA NEURONS IN SCHIZO-PHRENIA
Convergent findings indicate that markers of GABA neurotransmission are altered in the PFC in subjects with schizophrenia. For example, several studies have found that the mRNA expression level of glutamate decarboxylase (GAD 67 ), an enzyme responsible for the synthesis of GABA, is reduced in the PFC in schizophrenia [3, 48, 90, 128, 129] . With the exception of one study in elderly, chronically hospitalized, and demented individuals with schizophrenia [53] , reduced GAD 67 mRNA expression in the PFC may be one of the most consistent findings in postmortem studies of schizophrenia. Furthermore, the reduction in GAD 67 mRNA expression appears to be restricted to a subset of GABA neurons. For example, while the density of neurons with detectable levels of GAD 67 mRNA is significantly decreased in subjects with schizophrenia (Fig. 1A,B) [3, 129] , the relative cellular level of GAD 67 mRNA expression per neuron is unchanged [129] . Together, these observations suggest that the majority of PFC GABA neurons express normal levels of GAD 67 mRNA in schizophrenia, but a minority (approximately 25-35%) fail to express detectable levels of GAD 67 mRNA. Thus, the reduction of GAD 67 mRNA levels to an undetectable level in this subset of neurons suggests that GABA synthesis in these neurons is greatly impaired.
Furthermore, in the same set of subjects, mRNA levels for the GABA membrane transporter (GAT1), which is responsible for the re-uptake of released GABA, were also undetectable in a similar proportion of GABA neurons [130] . A reduction in the re-uptake of GABA at axon terminals may represent an attempt to raise synaptic levels of GABA in order to compensate for decreased GABA synthesis. However, as discussed above, the presence of working memory deficits in individuals with schizophrenia, which have been linked to reductions in GABA-mediated neuronal synchronization, suggests that this compensatory response to raise synaptic levels of GABA is not sufficient. In summary, these data suggest that in schizophrenia both the synthesis and re-uptake of GABA are greatly reduced in a subset of PFC inhibitory neurons.
The functional significance of disturbances restricted to a minority of GABA neurons in schizophrenia may be further informed by determining the identity of the affected GABA neurons. Indeed, distinct subpopulations of PFC GABA neurons, which exhibit unique anatomical, biochemical, and electrophysiological properties, appear to play specialized roles in regulating pyramidal neuron activity [30, 49, 69] . For example, chandelier neurons, which are among the subpopulation of GABA neurons that express the calcium-binding protein parvalbumin, exhibit a fast-spiking, non-adapting firing pattern [23, 69] . Chandelier neurons provide a linear array of axon terminals (termed cartridges) that exclusively Fig. (1) . Photomicrographs of PFC tissue sections processed by in situ hybridization for single label GAD 67 mRNA (top) and for dual label GAD 67 and PV mRNAs (bottom) in matched pairs of control (left) and schizophrenia (right) subjects. Top photomicrographs: Darkfield images from a matched pair of control (A) and schizophrenic (B) subjects processed by single label in situ hybridization for GAD 67 mRNA using 35 S-labeled probes [129] . Silver grains represent GAD 67 mRNA label. Note the decreased density of grain clusters, representing GAD 67 mRNA-labeled neurons, but similar grain cluster size, in the subject with schizophrenia. Scale bar = 150 µm. Bottom photomicrographs: Dual-label in situ hybridization showing simultaneous detection of PV and GAD 67 mRNAs in PFC in a different pair of control (C) and schizophrenia (D) subjects [57] . GAD 67 mRNA label was visualized as color reaction product by a digoxigenin-labeled probe, and silver grains represent parvalbumin mRNA label, which was detected by a 35 S-labeled probe. GAD 67 mRNA-labeled profiles (solid arrowhead), parvalbumin mRNA-labeled profiles (open arrowhead), and dual labeled profiles (double arrowhead) were detected. Similar to the top photomicrographs, the density of GAD 67 mRNA-labeled profiles is reduced in the subject with schizophrenia compared to the control subject. Furthermore, in the control subject, GAD 67 mRNA was detected in all parvalbumin mRNA-positive grain clusters, whereas in the schizophrenia subject, GAD 67 mRNA expression was undetectable in some of the parvalbumin mRNA-labeled profiles. Scale bar = 50 µm. Adapted from [57, 129] .
synapse along the axon initial segment of pyramidal neurons [40, 76, 120] . In addition, the subpopulation of GABA neurons expressing the neuropeptide cholecystokinin exhibit a regular spiking, adapting firing pattern, and provide axon terminals that primarily target pyramidal cell bodies [70, 98, 102] . The proximity of their inhibitory synapses near or at the site of action potential generation in pyramidal neurons suggests that both parvalbumin and cholecystokinin neurons are positioned to powerfully regulate the output of pyramidal neurons. In contrast, GABA neurons that express the calcium-binding protein calretinin exhibit a regularspiking, adaptive firing pattern [69] and provide axon terminals that target more distal dendritic sites on pyramidal cells or other GABA neurons [30, 80] .
Several lines of evidence suggest that the affected subset of PFC GABA neurons includes those that express parvalbumin. For example, parvalbumin mRNA expression was decreased in the PFC of subjects with schizophrenia, whereas calretinin mRNA levels were unchanged [57] . Interestingly, in direct contrast to the findings for GAD 67 and GAT1 mRNAs, the density of neurons with detectable levels of parvalbumin mRNA was not changed in subjects with schizophrenia, whereas the average level of parvalbumin mRNA expression per neuron was significantly decreased. These findings suggest that 1) the majority of these neurons exhibit a disturbance in parvalbumin mRNA expression, and 2) the number of parvalbumin neurons is not altered in schizophrenia, an observation consistent with the results of studies of parvalbuminimmunoreactive neurons [10, 139] . Interestingly, dual label studies revealed that almost all parvalbumin mRNA-labeled neurons in control subjects expressed GAD 67 mRNA, whereas in subjects with schizophrenia, approximately half of parvalbumin mRNA-labeled neurons lacked detectable levels of GAD 67 mRNA (Fig. 1C,D) [57] . Together, these findings suggest that the deficit in GAD 67 mRNA expression is present predominately in the parvalbumin subpopulation of GABA neurons, and that these neurons are still present but are functionally impaired in schizophrenia.
Within the parvalbumin neuron subpopulation, chandelier neurons appear to be particularly affected in schizophrenia. For example, the density of PFC chandelier neuron axon cartridges immunoreactive for GAT1 was significantly reduced in subjects with schizophrenia ( Fig. 2) [104, 140] . In concert with the mRNA studies, these findings suggest that in schizophrenia, many chandelier neurons express decreased levels of parvalbumin mRNA and undetectable levels of GAD 67 and GAT1 mRNA, with the latter associated with decreased detectability of GAT1 protein in chandelier neuron axon cartridges. Furthermore, parallel studies in subjects with other psychiatric disorders, and in monkeys exposed chronically to antipsychotic medications in a fashion that mimics the treatment of schizophrenia, revealed that the above findings appear to be specific to the pathophysiology of schizophrenia and not a consequence of prolonged neurotropic medication [57, 104, 129, 130] . Furthermore, these deficits appear to be relatively specific for parvalbumin neurons and are not present in the majority of other GABA neurons in the PFC in schizophrenia. For example, the majority of PFC GABA neurons express normal levels of both GAD 67 and GAT1 mRNAs [129, 130] . In addition, overall protein and mRNA expression levels of another synthesizing enzyme for GABA, GAD 65 , also appear to be unchanged in the PFC in schizophrenia [48] . Furthermore, the mRNA expression level of calretinin mRNA, which is found in approximately half of all PFC GABA neurons in monkey PFC [23] , is also unchanged in schizophrenia [57] . Finally, the overall density of GAT1-immunoreactive boutons, presumably representing the majority of GABA axon terminals, is also unchanged in the PFC in schizophrenia [139] . Thus, the majority of other PFC GABA neurons appear to be relatively unaffected in schizophrenia.
The consequences of schizophrenia-related disturbances in chandelier neurons may be informed by an analysis of GABA A receptors at the postsynaptic targets, the axon initial segments of pyramidal neurons. GABA A receptors are composed of different subunits that have distinctive subcellular distributions and convey different physiological properties [41] . For example, the α 2 subunit is prominently localized at pyramidal neuron axon initial segments in the superficial layers of human cerebral cortex [78] . Indeed, although associated with only ~ 15% of all GABA A receptors in the cortex [41] , the α 2 subunit is found at > 95% of inhibitory synapses onto pyramidal neuron axon initial segments, at least in rat hippocampus [97, 98] . Furthermore, GABA A receptors containing the α 2 subunit may have a higher affinity for GABA, and faster activation and slower de-activation times, compared to GABA A receptors containing the more commonly expressed α 1 subunit [73, 75] . Thus, GABA A receptors containing the α 2 subunit appear to be anatomically positioned and functionally adapted to mediate a potent inhibitory influence on the output of pyramidal neurons, and thus may provide critical insight into the consequences of chandelier cell dysfunction on GABA activity at pyramidal neuron axon initial segments.
Interestingly, in schizophrenia, the density of PFC pyramidal neuron axon initial segments immunoreactive for the α 2 subunit (α 2 -AIS) is significantly increased by more than 100% compared to control subjects ( Fig. 2) [132] . This increase in α 2 -AIS density appears to reflect higher detectable levels of α 2 subunits at the AIS rather than an increase in pyramidal neuron density [115, 116] . However, it is unclear whether the increase in α 2 -AIS density reflects an increase in total density of GABA A receptors or an increased proportion of GABA A receptors containing the α 2 subunit at the AIS. Attempts to quantify the density of AIS labeled for other GABA A receptor subunits have been unsuccessful so far, possibly due to the much greater density of α 1 and γ 2 subunits at other locations [97] which prohibits the resolution of labeled AIS by light microscopy. Interestingly, α 2 -AIS density was inversely correlated with GAT1-cartridge density in the same subjects with schizophrenia ( Fig. 2,3 ). These findings suggest that GABA A receptors are upregulated at pyramidal neuron axon initial segments in response to deficient GABA activity in chandelier axon terminals in schizophrenia, and that a greater loss of GABA activity may be associated with greater compensatory increase in GABA A receptors.
In summary, postmortem studies in schizophrenia have discovered alterations in PFC GABA neurons, including the reduced synthesis and re-uptake of GABA, that are most prominent in the parvalbumin neuron subpopulation, which includes chandelier neurons (Fig. 3) . These chandelier neurons appear to provide deficient inhibition to the axon initial segments Fig. (3) . Circuit diagram of abnormalities in chandelier neuron synapses onto pyramidal neurons in the prefrontal cortex in schizophrenia. Chandelier neurons (Ch) provide linear arrays of axon terminals that synapse onto the axon initial segments (grey) of pyramidal neurons (P). In schizophrenia, a subpopulation of GABA neurons that includes chandelier neurons expresses undetectable levels of GAD 67 and GAT1 mRNAs and lower levels of parvalbumin mRNA. Furthermore, chandelier axon cartridges (black) express lower levels of GAT1 protein.
Postsynaptically at the axon initial segment of pyramidal neurons, the density of GABA A receptors containing the α 2 subunit is increased. Together, these data suggest that in the PFC of subjects with schizophrenia, chandelier neurons provide deficient inhibition to pyramidal neuron axon initial segments.
of PFC pyramidal neurons, resulting in a compensatory postsynaptic up-regulation of GABA A receptors. These deficits appear to be relatively specific for parvalbumin neurons and are not present in the majority of other PFC GABA neurons. Finally, these disturbances do not appear to be attributable to chronic treatment with antipsychotic medications.
Interestingly, these schizophrenia-related disturbances in PFC parvalbumin neurons may contribute to the reported deficits in gamma oscillations, and consequently working memory function, in schizophrenia. For example, parvalbumin neurons, in particular chandelier neurons, are critically involved in initiating and maintaining the oscillatory, synchronous discharges of pyramidal neurons at gamma frequency. Indeed, a single chandelier neuron, whose axon terminals synapse on the axon initial segment of hundreds of pyramidal neurons [120] can synchronize the firing of multiple pyramidal neurons in rat hippocampus [22] . Furthermore, genetic manipulations of genes selectively expressed in parvalbumin neurons can have dramatic effects on gamma oscillations. For example, the knockout of the potassium channel Kv3.1, which is selectively expressed in parvalbumin neurons, results in a 2-4 fold increase in power in gamma frequency range [66] . The absence of these potassium channels appears to delay repolarization and prolong action potential waveforms in parvalbumin neurons, and thereby increase synaptic efficacy through increased GABA release. Finally, in parvalbumin-knockout mice, kainate-induced neuronal oscillations in the hippocampus exhibit much higher power at the gamma frequency range than in wild type mice [133] . During periods of repetitive firing, parvalbumin appears to normally buffer residual intra-terminal calcium levels and thereby limit the amount of GABA that is released. The absence of parvalbumin appears to facilitate GABA release during repetitive discharges, and thereby allows chandelier neurons, for example, to recruit and maintain more pyramidal neurons to fire synchronously, resulting in higher gamma power [133] . Perhaps in schizophrenia, the decrease in parvalbumin mRNA expression represents an unsuccessful compensatory attempt to improve chandelier neuron inhibitory regulation of gamma oscillations in PFC pyramidal neurons.
Thus, schizophrenia-related deficits in PFC parvalbumin neurons, which play a critical role in regulating gamma oscillations of pyramidal neurons, may be related to working memory dysfunction in schizophrenia.
Therefore, we now begin a discussion of potential pharmacological targets that may selectively enhance parvalbumin neuron-mediated regulation of PFC pyramidal neuron firing, and thus help ameliorate working memory disturbances in individuals with schizophrenia.
POTENTIAL PHARMACOLOGICAL TARGETS TO ENHANCE THE FUNCTION OF PREFRONTAL PARVALBUMIN NEURONS IN SCHIZOPHRENIA
While some success has been reported in treating acute psychosis in schizophrenia using GABA-related agents, including benzodiazepines and valproic acid, as adjuncts to antipsychotic medications [20, 134] , most clinical trials have not assessed the utility of GABArelated agents in treating cognitive dysfunction in schizophrenia. Given the apparent subpopulationspecific abnormalities in PFC GABA neurons, the treatment of working memory dysfunction in schizophrenia may require drugs that selectively enhance parvalbumin neuron-mediated inhibitory regulation of pyramidal neurons without affecting signaling from other GABA neurons (Fig. 4) .
The α 2 Subunit of the GABA A Receptor
Drugs with selective agonist activity at GABA A receptors containing the α 2 subunit may provide a direct and effective approach to enhancing chandelier neuron inhibition of PFC pyramidal neurons in schizophrenia. Indeed, the α 2 subunit represents a highly selective target for enhancing inhibition at pyramidal neuron axon initial segments, since the α 2 subunit is heavily expressed at inhibitory synapses onto pyramidal neuron axon initial segments [97, 98, 132] (Fig. 2) . In addition, the density of α 2 -containing GABA A receptors appears to be increased at pyramidal neuron axon initial segments in schizophrenia (Fig.  2,3 ) [132] . Thus, it may even be possible to devise dosing strategies that would activate these receptors at pyramidal neuron axon initial segments without affecting synaptic sites in other brain regions that have normal levels of the GABA A receptor α 2 subunit, thereby reducing potential side effects.
In particular, treatment with benzodiazepine-like agents selective for the α 2 subunit would increase the frequency of GABA A receptor openings, enhancing chloride ion flow and thereby inhibitory postsynaptic potentials at pyramidal neuron axon initial segments. In addition, benzodiazepine-like agents would enhance inhibition at pyramidal neuron axon initial segments only in the presence of GABA and would not independently activate GABA A receptors. Thus, treatment with a α 2 -selective benzodiazepine would augment the postsynaptic inhibitory response at pyramidal neuron axon initial segments in a manner that incorporates the critical timing of chandelier neuron firing that is essential for synchronizing pyramidal neuron firing.
The principle of disynaptic inhibition is an example of the importance of maintaining normal regulatory mechanisms of chandelier neuron firing. Parvalbumin neurons, including chandelier cells, and pyramidal neurons in the PFC share excitatory input from various sources, including local axon collaterals from other PFC pyramidal neurons and axon terminals from the mediodorsal nucleus of the thalamus [85] [86] [87] . Thus, excitatory input from these sources stimulates both chandelier cells and pyramidal neurons simultaneously, resulting in a slightly delayed, secondary chandelier cell inhibitory input to pyramidal neuron axon initial segments. This disynaptic inhibitory input appears to limit the window of time, and thereby increase the temporal precision, for the summation of excitatory inputs needed to evoke pyramidal neuron firing, at least in rat hippocampus [106] . Thus, drugs that augment GABA release by chandelier cells during normal firing, or drugs that enhance the postsynaptic response to the release of GABA from chandelier cell axons such as α 2 -selective benzodiazepines, may be expected to improve disynaptic inhibition. However, drugs that generally increase the firing rate of chandelier cells, or drugs that activate postsynaptic GABA A receptors independent of the presence of GABA, may actually disrupt the timing of disynaptic inhibition.
Finally, recent studies suggest that the anxiolytic effects of benzodiazepines appear to be mediated by GABA A receptors that contain the α 2 subunit, while the sedative effects are mediated by the α 1 subunit [79] . Thus, α 2 -specific agents may both improve cognitive function and reduce stress responses that have been linked to psychosis exacerbations in schizophrenia [20] , without inducing the sedation-related cognitive impairments associated with benzodiazepine use.
Serotonin Receptors
An alternative approach to enhancing inhibition of PFC pyramidal neurons in a circuit-specific manner Fig. (4) . Circuit diagram demonstrating potential pharmacological targets involving inhibitory neurons with proximal synapses onto prefrontal cortical pyramidal neurons in schizophrenia. The GABA A receptor α 2 subunit (green) is heavily expressed at the pyramidal neuron axon initial segment, postsynaptic to chandelier neuron axon terminals. The M2 receptor (brown) is expressed presynaptically in parvalbumin neuron axon terminals. The CB1 receptor (dark blue) is expressed presynaptically in cholecystokinin neuron axon terminals that synapse onto pyramidal neuron cell bodies (P). The 5-HT 1A receptor (red) is expressed postsynaptically in the pyramidal neuron axon initial segment, but is more proximal to the pyramidal neuron cell body that the chandelier cell axon terminals [31] . The 5-HT 2A receptor (orange) is found in parvalbumin neurons which include chandelier neurons (Ch), while the 5-HT 3A receptor (light blue) is found in cholecystokinin neurons (CCK).
could involve the use of the serotonin (5-HT) neurotransmitter system as a pharmacological target. 5-HT receptors consist of a heterogeneous group of subtypes with distinct anatomical distributions and physiological functions. For example, the 5-HT 1A receptor subtype is preferentially expressed postsynaptically at pyramidal neuron axon initial segments [26, 31] , the 5-HT 2A subtype in parvalbumin neurons [65] , and the 5-HT 3A subtype in cholecystokinin neurons (Fig. 4) [35, 93] . Furthermore, in monkey PFC, the majority of 5-HTimmunoreactive axons that form synapses appear to predominantly target inhibitory neurons rather than pyramidal neurons [119] , suggesting that components of the 5-HT system may provide relatively selective targets for modulating GABA neuron function. Therefore, this section will discuss the role that these 5-HT receptor subtypes may play in PFC neural circuitry and will evaluate their possible use as drug targets for selectively improving inhibitory regulation of PFC pyramidal neurons in schizophrenia.
Targeting the 5-HT 1A receptor, which mediates inhibition at pyramidal neuron axon initial segments, may provide another mechanism of compensating for schizophrenia-related deficits in inhibition to PFC pyramidal neurons (Fig. 4) . The 5-HT 1A receptor is a G protein coupled receptor involved in signaling pathways, including inhibiting adenylate cyclase and activating potassium channels (for review, see [110] ). Activation of the 5-HT 1A receptor results in inhibition of pyramidal neurons in rat and human neocortex, which can be reversed by 5-HT 1A receptor antagonists [47, 96] . Interestingly, 5-HT-immunoreactive axons do not appear in close proximity to 5-HT 1A receptors at pyramidal neuron axon initial segments [31, 119] , suggesting that serotonin may activate 5-HT 1A receptors and mediate an inhibitory effect at axon initial segments through volume transmission rather than through tightly coordinated synaptic inputs. Thus, a 5-HT 1A receptor agonist may produce a tonic hyperpolarization of pyramidal neuron axon initial segments, which might help partially compensate for deficient GABA release from chandelier axon terminals.
However, the 5-HT 1A receptor has also been reported to be located on other cell types, including GABA neurons [9] , so 5-HT 1A agonists may not selectively enhance inhibition at pyramidal neuron axon initial segments. Furthermore, while radiolabeled-ligand binding suggests that the overall level of 5-HT 1A receptors is increased in the PFC of subjects with schizophrenia [17, 56, 118, 122] , the density of pyramidal neuron axon initial segment immunoreactive for the 5-HT 1A receptor is unchanged in the PFC in schizophrenia [26] . The density of 5-HT transporterimmunoreactive axons is also unchanged in the PFC of subjects with schizophrenia [4] . Thus, in contrast to the higher levels of GABA A receptor α 2 subunit at pyramidal neuron axon initial segments in schizophrenia, it may be more difficult to design a dosedependent strategy whereby a 5-HT 1A receptor agonist selectively affects pyramidal neuron axon initial segments.
The 5-HT 2A receptor that induces excitation of PFC parvalbumin neurons may provide another potential target in schizophrenia (Fig. 4) . 5-HT 2A receptors are G protein-coupled, metabotropic receptors that facilitate neuronal excitability by reducing outward potassium currents and by stimulating phospholipase C (for review, see [110] ). The 5-HT 2A receptor subtype has been reported to be preferentially expressed in parvalbumin neurons in monkey PFC [65] (Fig. 4) . Furthermore, activation of the 5-HT 2A receptor appears to increase the activity of GABA neurons [117] . For example, 5-HT 2A agonists increase extracellular GABA levels in rat frontal cortex and increase Fos protein expression in GAD 67 -immunoreactive neurons [1] . In addition, 5-HT 2A receptor antagonists inhibit GABA release in rat frontal cortex [25] .
However, several potential limitations to the use of the 5-HT 2A receptor as a pharmacological target for improving cognition in schizophrenia must be considered. First, a 5-HT 2A receptor agonist may increase parvalbumin neuron activity in a manner that exceeds the normal regulation of parvalbumin neuron firing, and may actually disrupt regulation of pyramidal neuron synchrony. Indeed, non-selective agonists of the 5-HT 2A receptor, such as LSD, can induce psychosis. Furthermore, the atypical antipsychotic agents, which may improve some aspects of cognitive functioning in schizophrenia [13, 50, 135] , actually antagonize the 5-HT 2A receptor. Also, in monkey PFC, the 5-HT 2A receptor is found in some inhibitory neurons that do not express parvalbumin, and also in the apical dendrites of pyramidal neurons [65] , where 5-HT 2A receptor agonists induce excitatory postsynaptic potentials [2] . Thus, drugs targeting the 5-HT 2A receptor would not activate parvalbumin neurons in a cell-selective manner. Finally, several radiolabeled ligand binding studies have reported decreased 5-HT 2A receptor levels in the PFC in schizophrenia [8, 17, 28, 72, 91] , suggesting that the amount of 5-HT 2A receptor available as substrate for pharmacological agents may be reduced in schizophrenia.
The 5-HT 3A receptor is a cation-selective ligandgated ion channel that may mediate fast synaptic neurotransmission (for review, see [110] ). In rodent and monkey PFC, the 5-HT 3A receptor is highly colocalized with markers of inhibitory neurons [35, 65] and appears to be primarily restricted to cholecystokinin-containing GABA neurons, which provide inhibitory input to pyramidal neuron cell bodies (Fig.  4) [35, 93] . Stimulation of the 5-HT 3A receptor results in rapid depolarization of cholecystokinin neurons [35] . However, similar to concerns for the 5-HT 2A receptor, it is unclear if increasing the firing rate of cholecystokinin neurons, rather than augmenting GABA release when cholecystokinin neurons fire normally, would improve or impair gamma synchronous pyramidal neuron activity. Furthermore, it is unclear whether the augmentation of cholecystokinin neuron-mediated inhibition can indeed partially compensate for a primary loss of parvalbumin neuron-mediated inhibition to PFC pyramidal neurons in schizophrenia.
Muscarinic Receptors of the Acetylcholine System
Another potential strategy for improving pyramidal cell synchronization involves targeting receptors that are selectively expressed presynaptically in parvalbumin neuron axon terminals and that augment the release of GABA during neuronal firing. For example, the M2 subtype of the muscarinic acetylcholine receptor is expressed presynaptically in the majority of parvalbumin-containing axon terminals that target pyramidal neuron axon initial segments and cell bodies (Fig. 4) [52] . In addition, carbachol, a cholinergic agonist, induces gamma oscillations in rat hippocampus, which can be blocked by muscarinic antagonists [15] . Furthermore, the anticholinergic side effects of a wide variety of drugs have been associated with greater cognitive impairment in schizophrenia [89] . Thus, the M2 receptor may represent a target for pharmacologically modulating parvalbumin neuron regulation of pyramidal neuron oscillations.
However, it is unclear whether the cholinergic enhancement of gamma oscillations is primarily due to the M2 receptor on parvalbumin axon terminals or through the other subtypes of muscarinic receptors. Second, the effect of stimulating M2 receptors on the perisomatic release of GABA and on pyramidal neuron activity in the PFC has not been directly demonstrated.
Third, while an anticholinergic agent may have deleterious effects on cognitive functioning, it is unclear whether a cholinergic agonist would necessarily have the opposite effect. Fourth, presynaptic M2 receptors are also present in excitatory axon terminals, at least in cat visual cortex [34] , and M2 immunoreactivity is also observed in dendrites of inhibitory neurons that are not parvalbumin-immunoreactive [34, 52] . Thus, M2-selective agents may have more effects on other excitatory and inhibitory neurons than on parvalbumin-containing terminals. Consequently, studies are needed to identify other targets that are selectively expressed in parvalbumin neuron axon terminals and that selectively augment the release of GABA during parvalbumin neuron firing.
The CB1 Receptor of the Endocannabinoid System
The abuse of cannabis, or ∆9-tetrahydrocannibol (the psychoactive ingredient of hashish and marijuana), is prevalent in the schizophrenia population [111] . Interestingly, several lines of evidence suggest that cannabis abuse may influence the onset and clinical course of schizophrenia. For example, cannabis abusers have a relatively high prevalence of a comorbid schizophrenia diagnosis [111] , and cannabis abuse prior to age 18 has been associated with increased risk of developing schizophrenia later in life [6, 142] . In addition, the majority of patients with schizophrenia who abuse cannabis began using it at least one year prior to the onset of symptoms of schizophrenia [5, 54] , and the use of cannabis may be associated with an earlier onset of schizophrenia [77] . Furthermore, cannabis abuse in schizophrenia is not associated with differences in measures of anhedonia, suggesting that cannabis abuse may not be a form of self-medication [32] . Finally, cannabis abuse is also associated with worse outcomes in patients with schizophrenia, including earlier and more frequent relapses [77, 83, 95] . While other shared factors cannot be excluded (i.e. early cannabis abuse may be comorbid with subclinical prodromal symptoms of schizophrenia), these data suggest that cannabis abuse may help precipitate schizophrenia in vulnerable individuals and worsen the prognosis in individuals who continue to use cannabis.
An endogenous system of compounds with cannabis-mimicking activity, including anandamide and 2-arachido-noylglycerol, has recently been discovered (for review, see [39] ). Endocannabinoids are lipidbased compounds that appear to be synthesized within the plasma membrane and are released extracellularly through passive diffusion or facilitated transport by a lipid-binding protein, and not through vesicular secretion. Endocannabinoids exert their effects through the family of cannabinoid (CB) receptors, which includes the CB1 receptor, the only CB receptor presently known to be located in the brain. CB receptors appear to act through a G-protein coupled signaling system which inhibits adenylate cyclase and voltage-gated calcium channels and activates potassium channels.
Interestingly, CB1 receptors appear to be primarily located presynaptically in GABA axon terminals that target pyramidal cell bodies in rat and human hippocampus [51, 67, 68, 127] . Furthermore, the CB1 receptor is selectively expressed in cholecystokinin neurons, but not in parvalbumin neurons (Fig. 4) [67, 82, 127] . Cholecystokinin neurons provide inhibitory axon terminals that synapse onto pyramidal neuron soma [98, 102] and may superimpose a "fine tuning" mechanism upon oscillating networks of synchronized pyramidal neurons that have been entrained by parvalbumin neurons [38] .
Activation of CB1 receptors located on presynaptic GABA axon terminals appears to reduce inhibitory neurotransmission in hippocampal pyramidal neurons. For example, CB1 receptor agonists decrease the amplitude and frequency of GABA A receptor-mediated inhibitory postsynaptic currents in rat hippocampal pyramidal neurons [51, 60, 61, 68] , and also decrease GABA release in human hippocampal slices [67] . In addition, endocannabinoids appear to mediate depolarization-induced suppression of inhibition (DSI), a retrograde mechanism in which rapidly firing pyramidal neurons can down-regulate their own perisomatic inhibitory input. In DSI, prolonged firing of a pyramidal neuron, and subsequent elevations in the intracellular calcium levels, results in the retrograde release of endocannabinoids, which then act on presynaptic CB1 receptors located in cholecystokinin axon terminals to reduce proximal inhibitory input to that same pyramidal neuron [71, 99, 138] . For example, in rat hippocampus and cerebellum, DSI is blocked by CB1 receptor antagonists, and DSI is absent in CB1 receptor knockout mice [71, 99, 138, 141] .
These data suggest that CB1 receptors on cholecystokinin neuron axon terminals may play an important role in regulating proximal inhibitory input to pyramidal neurons during periods of repetitive firing, such as during gamma oscillations [51] . Indeed, the application of a CB1 receptor agonist reduces the magnitude of gamma oscillations in rat hippocampal slices [51] , suggesting that the release of endocannabinoids disengages individual pyramidal neurons from synchronous, gamma oscillatory firing with other pyramidal neurons. Thus, endocannabinoids may play a role in regulating synchronous firing of pyramidal neurons and consequently working memory. Indeed, cannabis abuse has been associated with impairments in some cognitive tasks linked to the PFC, including working memory, attention, and other executive functions [37, 105] .
However, the anatomical distribution and physiological role of CB1 receptors in human PFC has not been carefully described yet. For example, it has not yet been shown that CB1 receptors in the PFC are also localized presynaptically in inhibitory terminals targeting pyramidal neuron bodies. In addition, it has not yet been demonstrated that activation of CB1 receptors mediates DSI in pyramidal neurons in monkey PFC. However, CB1 receptor agonists have been reported to decrease extracellular GABA levels in the frontal cortex of rats [36] . Thus, additional studies are necessary to further characterize the role of CB1 receptors in modulating inhibitory neurotransmission in monkey PFC.
Nonetheless, a potential pathophysiological process that may contribute to the increased susceptibility to schizophrenia in individuals who abuse cannabis may involve multiple impairments in proximal inhibitory input to PFC pyramidal neurons. For example, subjects with schizophrenia appear to have a reduction in inhibitory input to the axon initial segment of PFC pyramidal neurons, as described above (Fig. 3) . The concomitant use of cannabis may cause an additional reduction in perisomatic inhibition to PFC pyramidal neurons from another population of GABA neurons, cholecystokinin neurons. Thus, two sources of proximal inhibitory input may be reduced in individuals who 1) have an underlying deficit in chandelier cell inhibition of pyramidal neuron axon initial segments, and 2) have superimposed cannibis-induced reduction of cholecystokinin neuron-mediated perisomatic inhibition to pyramidal neurons. Interestingly, peripubertal rats appear to be particularly susceptible to the deleterious effects of CB1 agonist administration on various short-term memory tasks, even after sustained drug-free intervals [114] . Thus, the combination of disease-specific and drug-induced reductions in perisomatic inhibitory input to PFC pyramidal neurons may precipitate or worsen cognitive dysfunction in schizophrenia.
These data suggest that in addition to the prevention and cessation of continued cannabis-abuse, perhaps the use of a CB1 receptor antagonist may improve proximal inhibitory input to pyramidal neurons, and possibly some aspects of working memory dysfunction, in schizophrenia (Fig. 4) . Importantly, CB1 receptor antagonists would be predicted to selectively improve the maintenance of synchronous firing in pyramidal neurons, since prolonged firing of pyramidal neurons is required for endocannabinoids to be released and for DSI to occur [138, 141] . Furthermore, the administration of a CB1 receptor antagonist appears to improve some aspects of short-term memory, at least in rodents [125] . Together, these data suggest that studies examining the effects of CB1 receptor antagonists on the synchronous firing of PFC pyramidal neurons and on performance of PFC-related cognitive tasks may be warranted.
Additionally, a pharmaceutical "cocktail" including a CB1 receptor antagonist and a GABA A receptor α 2 agonist may provide a dual mechanism of improving inhibition to the cell body of PFC pyramidal neurons in a manner that incorporates the normal firing patterns of cholecystokinin neurons. CB1 receptors and α 2 -containing GABA A receptors are found pre-and postsynaptically, respectively, in cholecystokinin axon terminals that synapse at pyramidal cell bodies [67, 98] . Thus, a CB1 receptor antagonist and an α 2 agonist would enhance cholecystokinin neuron-mediated inhibitory input to PFC pyramidal neuron cell bodies by blocking endocannabinoid-mediated reductions in inhibition and enhancing GABA-mediated inhibitory postsynaptic potentials, respectively. Furthermore, this effect would be maximal during periods of gamma synchrony, since repetitive pyramidal neuron firing is necessary for endocannabinoids to be released. However, further studies are needed to determine whether the augmentation of cholecystokinin neuron inhibition can indeed partially compensate for a primary loss of parvalbumin neuron inhibition to pyramidal neurons in schizophrenia, and whether the effects of α 2 agonists are synergistic at pyramidal soma and axon initial segments.
An additional potential limitation in utilizing the endocannabinoid system as a pharmacological target in schizophrenia is that CB1 receptors are also highly expressed in other brain regions, particularly in the hippocampus and certain nuclei of the amygdala [44, 126] 2 . Furthermore, the CB1 receptor may be important for other processes including long-term potentiation in the hippocampus. While CB1 receptor agonists have been demonstrated to actually impair long-term potentiation in the hippocampus [101] , the effects of a CB1 receptor antagonist on long-term potentiation are unclear and need to be more thoroughly studied. Interestingly, an initial radiolabeledligand binding study suggests that CB1 receptors may be preferentially expressed at higher levels in association cortices, including the PFC, in humans [44] . Furthermore, elevated levels of radiolabeledligand binding to the CB1 receptor in the PFC have been reported in subjects with schizophrenia compared to control subjects [29] . These initial studies at least suggest that the elevated levels of CB1 receptors in the PFC in subjects with schizophrenia may enable the use of a smaller dose of a CB1 receptor antagonist that would selectively improve inhibition in the PFC while minimizing detrimental effects in other brain regions. Therefore, additional studies are needed to characterize CB1 receptor expression in the PFC in both normal controls and subjects with schizophrenia.
CONCLUSIONS
In summary, cognitive impairments, including working memory deficits, are among the most debilitating and chronic aspects of schizophrenia, and new strategies informed by the pathophysiology of the illness are needed to develop novel therapies [63] . Designing drugs which selectively remediate deficiencies in parvalbumin neuron-mediated inhibition of PFC pyramidal neurons may provide a mechanism to improve synchronous firing of pyramidal neurons, and consequently, working memory dysfunction in schizophrenia. In particular, benzodiazepine-like agents which target the α 2 subunit-containing GABA A receptors may provide a means to improve chandelier cell-mediated regulation of pyramidal neuron firing without potentially disrupting chandelier cell firing patterns. In addition, a CB1 receptor antagonist may provide an additional, comple-mechanism for improving inhibition to pyramidal neuron cell bodies, particularly during periods of repetitive firing such as in gamma synchrony. In the future, studies such as single cell population gene expression profiling techniques [16, 59] , are needed to identify other parvalbumin neuron-specific targets. Finally, developing a circuitspecific model of chandelier neuron dysfunction, such as a spatially-restricted reduction of GAD 67 mRNA expression in parvalbumin neurons [92, 94] , may provide an important tool to determine whether the novel targets proposed could enhance parvalbumin neuron-mediated regulation of gamma synchronous pyramidal neuron firing in the PFC, and potentially alleviate working memory dysfunction in schizophrenia.
